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RESEARCH MEMORANDUM

HEAT TRANSFER TO SURFACES AND PROTUBERANCES IN A
SUPERSONIC TURBULENT BOUNDARY LAYER¥*

By Paige B. Burbank and H. Kurt Strass
SUMMARY

The presence of large protuberances that are only partially
immersed 1n a turbulent boundary layer effects a large increase in heat
trensfer upstream and on each side of the protuberance wake. Extreme
care must be taken in locating a protuberance in the influence of
enother one. The ratio at a particular thermocouple of the heat-
transfer coefficient for the flat plate with the protuberance to the
heat-transfer coefficient of the flat plate alone can be as great as
12 in the more adverse location.

INTRODUCTION

The importance of minimuim welght and maximwm fuel volume has led
in some cases to the location of major piping on the outer shell of
large missliles. In the absence of a suitable theory for calculating
the heat transfer to protuberances totally or partially immersed in a
turbulent boundary layer, tests were conducted to determine experi-
mentally the distribution of heat transfer to the protuberance and the
adjacent skin area. Tests were conducted on several configurations -
with circular cylinders mounted normal to a flat plate to simulate
antennas or externally mounted pipes.

SYMBOLS
NSt Stanton number
d diameter, 2.8 in. -
h hest-transfer coefficient

*Title, Unclassified.
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hL heat-transfer cocefflclent based on free-stream conditions for
leminar flow on cylinder of infinite length

hy heat-transfer cocefflclent of flat plate alone

M Mach number

R Reynolds number

T wall temperature

5 boundary-layer thickness

¥ meridian angle

Subscript:

b4 distance from leading edge of flat plate

MODEL DESIGN

The perspective drawing in figure 1 i1llustrates the instrumented
cylinder mounted on the k- by 1l0-foot flat plate that spans the test
sectlon along the horlzontal center plene of the Langley Unitary Plsn
wind tunnel. A l-inch-wide band of No. 60 carborundum grains located
4 inches rearward of the leading edge was used to insure a turbulent
boundary leyer. The leading-edge wedge was alined so that no flow
deviation occurred on the test surface, and pneumatic seals prevented
flow around the edges of the plate.

The instrumented portion of the flat-plate surface 1s composed of
two interchangeable panels, each instrumented with iron-constantan
thermocouples, having a uniform skin thickness of 0.050-lnch stainless
gteel, and insulated from the support structure by a l/2-inch honeycomb
of Fiberglas. The panel used for a protuberance support has 84 thermo-
couples; the filler panel, 9 thermocouples.

The instrumented cylinder alsc constructed of stainless steel has

& helght of 12% inches, & dlameter of 2.8 inches, and a uniform skin

thickness of 0.050 inch. The cylinder is insulated from the flat plate
by & 0.1l-inch sheet of Micarta. Twenty-four thermocouples were
located along the stagnation line and 45° and 90° from the stagnation
line, a8 shown in figure 1.
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METHOD OF DATA REDUCTION

The heat~transfer coefficients are obtained from the basic heat-
transfer equatlion by uslng the transient temperatures resulting fram a
stepwise increase 1n the stagnation temperature. The individual ratios
of equilibrium temperature to stagnation temperature are determined
prior to the stagnation temperature bump. The transient thermocouple
measurements are obtained every 1/2 second for 1 minute on & Consoli-
dated Engineering Corporation Millisadic.

RESULTS AND DISCUSSION

The heat-transfer coefflclents were first determined for the flat
plate alone at Reynolds numbers per foot verylng from 1.33 X 106

to 3.98 X 10® and at free-stresm Mach mumbers of 2.65 and 3.51. The
resultant Stanton numbers for locations within 5 inches of the center

line of the flat plate are shown for M = 2.65 at R = 2.58 x 10% per

foot and M = 3.51 at R = 2.86 x lO6 per foot in figure 2. The exper-
imentel Stenton numbers for the plate are somewhat lower (8 to 25 percent)
then predlicted by the Van Driest theory. Similar differences have fre-
quently been noted by others.

The results of the protuberance tests are presented as a ratio at
a particular thermocouple of the heat-transfer coefficient for the flat
plate with the protuberance to the heat-transfer coefficient of the
flat plate alone. This ratio will be referred to hereinafter as h/ho.

The heat-transfer distribution is shown in figure 3 for a single
cylinder mounted on the f£lat plate for a free-stream Mach number of 3.51

and a Reynolds number of 23.4 x 105.

The boundary-lsyer thickness, calculated by the method outlined in
reference 1, at the position of the cylinder is 43 percent of the cyline-
der diameter. The distribution of thermocouple locations, denoted by
crosses, permits considerable freedom in'determining the location of
the h/h, contours; the reglons, therefore, are representative rather
than exact. The influence of the cylinder is propagated upstream on
the flat plate a distance of 2 diameters and the rstio h/ho increases

to 8 at the stagnation line of the cylinder. The reglon of high heat
transfer is washed downstream on each side of the cool region of the
waeke. The low heat transfer in the region of low-density separated flow
in the wake 1s confined to & distance of less than 1 diameter; then

h/hy increases to almost 2.
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Increasing the Reynolds number per foot by a factor of 2% at a

Mach number of 3.5l as shown in figure 4 hes a negligible effect on
the area influenced by the cylinder but decreases h/h, at the stag-

nation point (of the cylinder) from 8% to 6%
The Mach number was varied with a constant Reynolds number per
foot. The most significant effect was shown to be an increase of h/hg,

at the stagnation line of the cylinder from 5 at a Mach number of 2.65
to 8 at 3.51 with no systematic effect in the wake.

The heat transfer on the cylinder is presented in figure 5 as the
ratio of the measured heat~transfer coefficient to the calculated heat-
transfer coefficient based on free-stream conditions for laminar flow
on a cylinder of infinite length as presented in reference 2. This
ratio wlll be referred to herelnafter as hth. The ratlio is shown

for M = 2.65 and 3.51 sat the stagnation line; at three vertical dis-
tances from the flat plate the variation of the ratio about the forward
90° of the cylinder is shown. The shock pattern caused by the inter-
action of the cylinder bow shock with the flat plate, as shown in fig-
ure 16 of reference 3, causes a high-density separated flow and a
resultant thickening of the boundary layer that causes a region of high
heat transfer whose proximity to the flat plate increases with increasing
Mach number. The portion of the cylinder uninfluenced by the flat plate
is In good agreement with theory. There is no measurable effect of
Reynolds number on the distribution of h/hL on the cylinder.

The effect of locatling the instrumented cylinder at several posi-
tions in the wake of a second cylinder was investigated at & Mach num-
ber of 3.51 and epproximately R = 2.8 X 106 per foot: The contour
plot in figure 6 illustrates the heat-transfer distribution resulting
from placling the instrumented cylinder 3.2 diesmeters downstresm of =a
dummy cyllinder. The region of high heating upstream of the dummy cylin-
der should be of the same magnitude as that for the single cylinder; the
comparstively low indicated value of h/hO of 5 is due to the lack of
instrumentetion sbout this cylinder. The resultant wake and very mixed
flow cause a reduction in heat transfer upstreem of the instrumented
cylinder. The thermocouple in the flat plate at the stagnation point
indicates a value of h/h, of less than L in comparison with a value

of 8 for the single cylinder. Figure 7 1llustrates that the separated
flow reduces the heat-transfer coefficient on the second cylinder; the
value of h/hL varies from 0.3 to 0.8 along the stegnation line. The

clrcumferential plots indicate flow reattachment resulting in a value
of h/hy 25 to 50 percent higher then thet predicted at the 45° and

90° stations.
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In figure 8, the result of positioning the instrumented cylinder
6.4 diameters downstream of the dummy cylinder is shown. The relatively
large distance between the two cylinders permits the flow field to
reestablish s heat-transfer distribution similar to that for the single
cylinder. The thermocouple on the flat plate at the stagnation line of
the cylinder indicates a value of h/ho of 6 as compared with the value
of 8 for the single-cylinder configuration. The heat-transfer distribu-
tion on the instrumented cylinder in filgure 9 indicates that the large
influence of the wake of the dummy cylinder on the stagnation line noted
in the preceding configuratlon is considerably demped and the overall
distribution is similar to that for the single cylinder. The reattached
flat-plate boundary layer is thinner and the region of high heating is
closer to the flat plate than with the single-cylinder configuration.
The circumferential distribution of h/hL on the portion of the cylin-

der uninfluenced by the flat plate indicates that the measured values
are less than predicted, and the deviation increases with increasing V.

Figure 10 shows the h/hO distribution resulting from placing the

instrumented cylinder 3.2 diameters downstream of the dummy cylinder and
offset so that a line connecting the centers of the cylinders forms an

o
angle of 26% with the free stream. Superposing the contour plot for

the single cylinder on the dummy cylinder indicetes that the instrumented
cylinder is Just downstream of the region of high heat transfer assocl-
ated with the bow shock of the leading cylinder, and the thermocouple
reading at the stagnation line 18 only slightly higher than that of the
preceding configuration. The dlstribution of h/hL on the cylinder
shown in figure 11 indicates that the leading cyllnder bow shock produces
a slight increase in heat transfer closer to the flat plate than that
associated with the single cylinder with maximum heating occurring at

the edge of the boundery layer. The portion of the cylinder not influ-
enced by the flat plate 1s in good agreement with theory.

In flgure 12, the instrumented cylinder is 3.2 diemeters downstream
of the dummy cylinder, a line connecting the centers of the cylinders
from an angle of 45° with the free stream. The region of elevated
heating from the leading cylinder bow shock lmpinges on the instrumented
cylinder between O and 90° and results in extremely high values of h/ho

ranging from 9 to 12 adjacent to the cylinder. The cylinder heat trans-
fer shown in figure 13 indicates that the region of maximum heating
along the stagnation line occurs some distance from the flat plate with

a maximm h/fhy of 2%. The circumferential plots indicate a value of
h/hy of 2 for angles up to 45°.
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Exploratory tests have also been conducted on roughness elements
that are small compared with the boundary-layer thickness. Figure 1k
1llustrates the skin of a sandwich-construction element that had bheen
deformed by asbnormal heating rates. A model was constructed to dupli-
cate this surface with the bottom of the dimples 0.020 inch below the
surface. Tests were conducted in the ceramic-heated jet (pilot model)
with a free-stream Mach number of 4 and stagnation temperatures of
approximately 2,5000 F. The test specimen was the surface of a 30° wedge
and resulted in a surface Mach number of 3 and a free-stream Reynolds

number of 6 X lO6 per foot. Detailed temperature measurements falled
to indicate any significant change in the level of the heating in the
reglon of the dimpled surface as compared with that of a smooth surface.

Similar tests were conducted on stalnless-~steel Phlllips-type screw-
heads in a stainless-steel surface. The location of the screws in rela-
tion to the model surface i1s shown 1n the upper sketch in figure 15. 1In
order to simulate normal manufacturing tolerances, the surfaces of the
screws were 0.015 inch above the model surface, flush, and 0.015 inch
below the surface. Thermocouples on the back face of the screwheads
and temperature measurements of the surface made by a photographlc tech-~
nique showed that all the screwheads reached temperatures which averaged
approximately 100° hotter than those of the adjacent skin. The photo-
graph of the model in figure 16 was taken during the latter portion of
the test; the luminescence is a function of temperature. With the assump-
tion that the high screw temperatures resulted from the fact that the
mass of the screw is substantially less than that for & cylinder of skin
of equal face area, the screwhead temperature time history was computed,
with consideration of the conduction across the metal-to-metal interface
as outlined in reference 4 and the assumption that the heat transfer was
the same as that of the adjacent skin. The results in figure 17 show
good agreement with theory. In order to check the assumption that the
screwhead temperature is dependent upon the area exposed to aerodynamic
heating and the conductlon across the interface, & second model, illus-
trated in the lower portion of figure 15, was constructed. All three
plugs have the same volume, one plug was cylindrical, the other two plugs
vere tapered with a ratlo of two to one. On face areas with the same
test conditions as those used on the honeycomb deformed skin, the plug
with the large area outboard had s temperature 100° greater and the
inverted plug had a temperature of 100° cooler than the cylindrical plug
that had the same temperature as the model skin.

CONCLUDING REMARKS

In conclusion, the presence of large protuberances that are only
pertially immersed in a turbulent boundary layer effects a large increase
in heat transfer upstream and on each side of the protuberance wake.
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Extreme care must be taken in locating a protuberance in the influence
of another one. The ratio at a particular thermocouple of the heat-
transfer coefficlent for the flat plate with the protuberance to the
heat-~transfer cocefficient of the flat plate alone can be as great as
12 in the more adverse location.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., March 19, 1958.
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FLAT-PLATE HEAT-TRANSFER MODEL
AND PROTUBERANCE
LANGLEY UNITARY PLAN WIND TUNNEL

Figure 1

DISTRIBUTION OF STANTON NUMBER ALONG MODEL CENTER LINE
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FLAT-PLATE HEAT TRANSFER
SINGLE CYLINDER; M =35 Ry=234 X o
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Figure 3

EFFECT OF REYNOLDS NUMBERS ON FLAT—PLATE HEAT TRANSFER
M= 3.51
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FLAT-PLATE HEAT TRANSFER
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FLAT-PLATE HEAT TRANSFER
TANDEM CYLINDERS SPACED 6.4d APART;M=3.31;Ry = 21.6 X 108
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CYLINDER HEAT TRANSFER
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FLAT-PLATE HEAT TRANSFER
CYLINDERS WITH 26.5° OFFSET: M=3.51; R, =219xI0*
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FLAT-PLATE HEAT TRANSFER
CYLINDERS WITH 45° OFFSET; M=35l; Ry=22.IX 106
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CYLINDER HEAT 'I(;RANSFER
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Figure 13

HONEYCOMB STRUCTURE AFTER HEATING
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SPECIMENS TESTED IN PILOT-MODEL
CERAMIC-HEATED AIR JET

Figure 15

SCREWHEAD MODEL AT ELEVATED TEMPERATURE
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Figure 16
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COMPARISON OF CALGCULATED AND MEASURED
TEMPERATURE TIME HISTORY OF SCREWHEADS
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Figure 17

NACA - Langley Field, Va.




